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Abstract: 
We show ~10x polariton-enhanced infrared reflectivity of epitaxial graphene on 4H-SiC, in SiC’s 
restrahlen band (8-10µm). By fitting measurements to theory, we extract the thickness, N, in 
monolayers (ML), momentum scattering time (), Fermi level position (EF) of graphene and estimate 
carrier mobility. By showing that 1/ns, the carrier concentration/ML, we argue that scattering is 
dominated by short-range interactions at the SiC/graphene interface. Polariton formation finds 
application in near-field optical devices such as superlenses. 
Keywords: Epitaxial Graphene, Reflection, Monolayer, scattering time, Fermi level, Polariton. 
 
Graphene, a two-dimensional (2D) form of carbon in a honeycomb crystal structure, is the basic building 
block of other sp2 carbon nanomaterials, such as carbon nanotubes. It exhibits unusual electronic and 
optical properties [1-6]. Graphene has a dispersionless linear electronic band structure as opposed to 
the quadratic form observed for most semiconductors. This leads to “massless” Dirac-fermion behavior, 
and consequently, high electron mobility, as opposed to the usual Schrodinger behavior exhibited by 
most semiconductors [6-7]. Furthermore, the recent development of epitaxial graphene (EG) formed by 
the solid-state decomposition of a SiC surface has enabled the systematic production of large area 
graphene films on a commercial substrate platform. This has prompted the investigation of many high 
performance electronic devices, such as field effect transistors and p-n junction diodes, photonic devices 
such as terahertz oscillators, as well as low noise sensors [8-11]. For all of these applications, knowledge 
of the optical properties of graphene is important, as it gives insight into the interaction of graphene 
with external electromagnetic fields. 
Theoretical calculations of the optical conductivity of graphene, using the Dirac Hamiltonian were 
performed by Gusynin and Sharapov [12] and others [13]. A more detailed study of optical conductivity 
by Stauber et al. [14] analyzes the reflectance and transmittance of a graphene plane located at the 
interface of two different dielectrics, a practical measurement geometry. These calculations were 
confirmed by measurements of IR-reflectivity and transmission of exfoliated graphene on glass 
substrates. [15].  
Within this theoretical framework, the IR transmission spectra of EG on semi-insulating SiC substrates 
were studied by Dawlaty et al [16], where thickness, N, in monolayers (ML) , the momentum scattering 
time, and IEFI, the Fermi level position in EG were extracted by fitting measurement with theory. 
However, the substrate dielectric function used was a constant value (~6.5), independent of wavelength. 
This is inaccurate for SiC, particularly in the restrahlen band (8-10µm range), where there is a singularity 
in the dielectric function, leading to negative dielectric function in this range. Such anomalous dielectric 
behavior in SiC has been well-documented and predicts the formation of a polariton at the SiC/EG 
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interface [17]. A polariton is a bosonic quasi-particle comprising of a photon coupled with a transverse 
electromagnetic field [18]. In SiC, the polariton originates from the strong coupling of the transverse 
electromagnetic field in the incident light with the optical phonons in the substrate (~800-1000cm-1), 
damping the electromagnetic wave in the substrate. This is the phenomenon responsible for the 
singularity in the dielectric function. The formation of the polariton in the restrahlen band results in 
decreased transmittance and increased reflectance compared to outside the restrahlen band, 
potentially allowing more precise determination of N. 
Determination of N for EG is challenging as 1ML is only 0.33nm thick. Atomic force microscopy (AFM) in 
contact mode is the most direct way to obtain N, but it is slow and may damage the crystalline lattice 
during measurement. Furthermore AFM instrumental offset can be as high as ~0.5nm, thicker than a 
single graphene layer, resulting in potentially ambiguous measurements [19]. Raman spectroscopy is a 
convenient nondestructive method for quick inspection of graphene thickness [19-21]. However, Raman 
does not give unambiguous measurements of N with ML precision. Reflection and contrast spectroscopy 
have been used to precisely determine graphene thickness on SiO2 substrates [22]. It has been shown 
that changes in optical response in reflection, induced by the presence of graphene are  larger than for 
transmission [15]. When graphene is of thickness d≪ ߣ, the wavelength of light, the solution to 
Maxwell’s equation indicates fractional change is reflectance ∝
ସ
௡మమିଵ
  compared to transmission change  
∝
ଶ
௡మାଵ
, where ݊ଶ is the refractive index of SiC. This gives  ~20% greater response in differential 
reflection than transmission for graphene on SiC substrates. 
While IR transmission measurements have been performed on EG [16], IR reflection measurements have 
not, despite the promise of greater accuracy. Although Dawlaty et. al [16] were able to determine N for 
EG on SiC using IR-transmission,  there was still uncertainty in the thickness thus obtained, as there was 
discrepancy between IR-thickness values and those determined by other techniques such as Raman 
spectroscopy and x-ray photoelectron spectroscopy (XPS), along with potential issues with removal of 
unintentionally grown graphene on the backside. Therefore, in this paper, we present the reflection 
spectra of EG on N+ 4H-SiC substrate from mid IR (~12 THz) to IR (~120 THz) frequency regime. A 
detailed mathematical model taking into account the full SiC dielectric function was fit with the 
experimental results to extract  N, τ and IEFI while clearly demonstrating the formation of the polariton 
at the SiC/EG interface.  
 The optical conductivity of graphene both in interband (σinter) and intraband (σintra) is given by [16] 
σinter(ω)= ݅ ௘మఠగ ∫ ݀ℰ (ଵା△మℰమ)(ଶℰ)మି(ħఠା௜Г)మ [݂൫ℰ− ܧி൯ −∞△ ݂൫−ℰ − ܧி൯]                                (1) 
σintra (ω)= ݅ ೐మഏħమ
ఠା
೔
ഓ
∫ ݀ℰ∞△ (1+
△మ
ℰమ
)[݂൫ℰ − ܧி൯ + ݂൫ℰ + ܧி൯]                                                   (2) 
Here ݂൫ℰ − ܧி൯ is the Fermi distribution function with the Fermi energy  ܧி , Г describes the 
broadening of the interband transition [16] and 2 △ accounts for a potential band gap in graphene. We 
used △= 0 and Г=10meV, as has been used by other researchers [16]. At high frequencies, the real part 
of σinter(ω) attains a constant value. At low frequencies, it approaches zero, as interband optical 
transition are blocked due to the presence of electrons and holes near the band edges [16]. The 
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plasmon dispersion and free-carrier absorption are described by σintra (ω), similar to the Drude model, 
with band occupancy accounted for. The total conductivity σ(ω), is the sum of σinter(ω) and σintra (ω). 
Considering graphene at the interface between two dielectrics with dielectric functions ए1 and ए2, the 
total reflectivity is given by[14] 
                              R==
|(ඥ(ℰ1ℰ2ℰ0) /ఈ)ା√ℰ1ొσ(ω)×ౙ౥౩ (ϴ౅)ౙ ିℰଵℰ଴|మ|(ඥ(ℰ1ℰ2ℰ0)/ఈ )ା√ℰ1ొσ(ω)×ౙ౥౩൫ϴ౅൯ౙ ାℰଵℰ଴|మ                                      (3)                                
Where ߙ  is given as  ߙ = ටଵି[ቀ೙భ೙మቁୱ୧୬ϴ౅]మ
௖௢௦௾಺
  n1 and n2 are the refractive index of air and SiC 
respectively, σ(ω) is the total conductivity, ए0 is the free space permittivity (~8.854×10-12 F/m). For  EG 
on SiC substrates, ए1 is the permittivity of air (~1) and ए2 is the permittivity of SiC, which is a function of 
wavelength, given by [17]                          ए2=ए2(ω)= ℰ∞ ఠమିఠಽೀమ ା௜Гభఠఠమାఠ೅ೀమ ା௜Гమఠ                                                                            (4) 
Here ℰ∞ =6.5 is the positive ion core background dielectric constant,  ߱௅ை  is the longitudinal optical 
phonon frequency (߱௅ை=972cm
-1) , ்߱ை is the transverse optical phonon frequency (߱௅ை=796 cm
-1). Г1,2 
describes the broadening of the phonon resonances, typically  5-60 cm-1, where the higher values are 
due to free-carrier absorption . By measuring the IR reflectivity of N+ 4H-SiC substrates, we found  
Г1=60cm
-1 while Г2=10cm
-1. Г1,2 were used as free fitting parameters in the measurement of the EG/SiC 
interface, with these nominal values for Г1,2 as the starting point. 
Figure 1 shows the theoretical prediction of the variation of the differential reflectance spectra of EG, 
with respect to a SiC substrate, as a function of N, ܧி  and τ respectively. Figure 1(a) shows that 
reflectivity increases as N increases. Increasing N gives higher conductivity (equation 3), leading to 
enhanced interaction with the incoming light. This leads to increased reflectivity similar to the Drude 
model [23].   The formation of the polariton can clearly be observed as a reflectivity hump in the 
frequency region between the pole at ω=்߱ை and the  zero at ω=߱௅ை (equation.4), the width of the 
restrahlen band for which   ए2(ω) is negative. This polariton manifests as the enhanced reflectivity in 
this regime.  
Figs 1(b) and 1(c) illustrate the variation of reflectivity with Iܧி I and . These variations change the 
hump shape and location in the 5-7um region leading to the restrahlen band. This is due to the 
transition from intraband to interband optical conductivity as wavelength changes.  The change of IEFI 
and  changes the position of this transition, as has been observed before [16]. Increasing IEFI and 
decreasing  also decrease the peak reflection spectra in the restrahlen band, due to greater free carrier 
absorption. We are unable to find the exact sign of  IEFI because of electron-hole symmetry of the EG 
band structure near the band edge near the K point in the Brillouin zone of graphene [5]. Thus, this 
model is equivalent for p and n-type EG. 
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Epitaxial growth of large-area graphene by thermal decomposition of commercial <0001> 4H and 6H SiC 
substrates at high temperature and vacuum has been demonstrated [6]. This produces EG a few ML to 
>50 ML thick, depending on growth conditions. In our experiments, EG was grown on commercial N+ 
4H-SiC substrates, nitrogen doped ~1019/cm3.  1cmx1cm samples were degreased using 
Trichloroethylene (TCE), acetone and methanol respectively.  They were then rinsed in DI water for 
three minutes. The samples were finally dipped in HF for two minutes to remove native oxide and rinsed 
with DI water before being blown dry. They were then set in the crucible in an inductively heated 
furnace where high vacuum was maintained (<10-6 Torr) and baked out at 10000C for 13 to 15 hours. The 
temperature was slowly raised to the growth temperature (1250-1400C). All growths were performed 
for 60 minutes before cooling to 10000C at a ramp rate of 7~80C/min and eventually to room 
temperature. Slow temperature ramps were utilized to minimize thermal stress on the samples.  
After growth AFM (atomic force microscopy) and Raman measurements were carried out on EG  
on both carbon (C) and silicon (Si) faces. Micro-raman spectroscopy using a 632nm laser shows the G 
peak (~1590cm-1), D peak (~1350cm-1) and 2D peak (~2700cm-1) characteristic of EG [24]. The ratio of 
intensities of the D-peak to G-peak, ID/IG ≤0.2 demonstrates the quality of our graphene [24]. All Raman 
spectra in this paper have the SiC substrate signal subtracted i.e. only difference Raman spectra of the 
EG are presented[24]. Fourier transform infrared (FTIR) reflectivity measurements were performed 
using a Galaxy Series FTIR-5000 spectrometer in an incidence angle of 400 over the wavelength 2.5µm to 
25µm using a blank N+ SiC substrate as the reference. Measured FTIR data was fit with the 
mathematical model to extract N, τ and Ef. 
 X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Kratos AXIS 
Ultra DLD XPS system equipped with a monochromatic Al K source.  The energy scale of the system 
was calibrated using a Au foil with Au4f scanned for the Al radiation and a Cu foil with Cu2p scanned for 
Mg radiation resulting in a difference of 1081.70  0.025eV between these two peaks.  The binding 
energy is calibrated using a Ag foil with Ag3d5/2 set at 368.21  0.025eV for the monochromatic Al X-ray 
source. The monochromatic Al K source was operated at 15 keV and 150 W.  The pass energy was fixed 
at 40 eV for the detailed scans. A charge neutralizer (CN) was used to compensate for the surface 
charge. Using XPS we obtained C 1s peak and Si2p peak both on the EG samples and on the substrate, in 
normal and 700 beam incidence angles to overcome any instrumental error. Graphene C1s peak was 
normalized to the SiC substrate C1s peak, from which the thickness was determined as described 
elsewhere [24-25]. The thickness N obtained using FTIR and XPS was consistent to within 2ML. 
 
Figure 2 illustrates two samples with reflectance spectra along with the corresponding AFM images. Fig 
2(a) shows an EG layer on n+ Si-face SiC with N=2, while Fig 2(b) shows a bare SiC substrate with no EG. 
Difference Raman spectra of the of G peak, D peak and 2D peak are found at  1596cm-1, 1354cm-1 and 
2694cm-1 respectively, indicating the presence of graphene[24].The IR reflectivity spectra are normalized 
to the bare SiC substrate shown in Figure 2b).  
Comparing the IR-reflectivity of EG with SiC, we clearly observe the hump corresponding to the polariton 
at the EG/SiC interface, as discussed earlier. For even a very thin layer e.g. N=2, (Fig 2a(I)), the 
reflectivity is  ~20% higher than bare SiC in the restrahlen band,  which is remarkable compared to the 
increased reflectivity of (2% to 3%  greater than bare SiC) graphene outside the restrahlen band. This 
strong effect is unique to the SiC/graphene system, and may have important applications in EG/SiC 
based plasmonics, and will be discussed at the end of the paper.  
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Fig 3 shows normalized reflection spectra matched with the theoretical model for N=2 (Si-face), 9 (C-
face) and 17 (C-face) ML’s for three different samples respectively, using equation (1) to (4) to extract N, 
τ and I I. We observe good correlation between experiment and theory. No significant differences 
were observed between the Si-face and C-face in terms of IR-reflectivity. As expected, the total 
reflectivity increases with N.  
Fig 4(a) shows the variation of  Iܧி I with N, where Iܧி I was found  to decrease with increasing N. This is 
in agreement with electrostatic screening length of ~1ML [29], which means that only the first 
monolayer near the substrate is doped, while the remaining are intrinsic. We note that we use a single 
Iܧி I to describe all the layers, representing an average over all the layers, leading to total conductivity 
(Nσ(ω)) of the EG layer. The averaging process gives an effective screening length somewhat greater 
than 1 ML, as it quickly reduces the effective |ܧி| for thin layers N<3. 
From the obtained IEFI, the graphene carrier density per ML, ns, can be calculated using  [26]                                                      
݊௦ = ∫ ܦ(ܧ)݂(ܧ − ܧி)ஶ଴  ݀ܧ                                                                                      (5) 
where the density of states for graphene, D(E)=2E/ߨ(ħݒி)ଶ ≈ 1.46×1014 E cm-2 and ݂(ܧ) is the Fermi 
distribution function dependent on IEFI. As |ܧி| extracted from our experiment represents an average 
over all the layers,  ݊௦ represents the average carrier density per ML. Fig 4(b) shows the variation of τ 
with ݊௦ where the thickness corresponding to each data point is indicated . The distance between two 
electrons is √
ଵ
௡ೞ
  while, ݒி is the carrier fermi velocity. Thus, the time, , between scattering events can 
be obtained, 
  τ=݇ଵ(√ ଵ௡ೞ)/ݒி                                                                                                           (6) 
 where ݇ଵ  is a “fitting factor” constant of order unity, which accounts for other short-range scattering 
mechanisms [27-28], such as from lattice defects, as well as geometrical effects.  Our experimental 
values were fit very well with  equation (6) using ݇ଵ=0.6  (shown in fig.4(b)), which is not significantly 
different from unity. Our measured τ values are similar to those extracted in [16]. Discrepancies might 
be attributed to the use of N+ 4H-SiC substrates (our work) versus the use of insulating SiC substrates 
[16], along with uncertainties in backside graphene removal in transmission [16].  
Electronic transport in graphene is dominated primarily by two scattering mechanisms: i) short-range 
scattering and ii) long-range coulomb scattering [28]. Short range scattering originates from short-range 
factors such as lattice defects and electron-electron interactions. It is temperature independent and 
leads to  √
ଵ
௡ೞ
  , as discussed above. Long range scattering, on the other hand, originates from the 
screening of charged impurities on the surface of graphene, and gives ns. Clearly, these two 
dramatically different mechanisms can be distinguished from Figure 4(b). 
The fact that we can describe the optical conductivity of our samples so accurately with this √
ଵ
௡ೞ
  
dependence (equation (6)) strongly indicates that we are dominated by short-range scattering, rather 
than by long-range coulomb scattering.  This conclusion also suggests that our samples have little 
surface contamination. Short-range scattering is temperature independent. Therefore, the temperature 
dependence of  must be investigated to conclusively determine the nature of the scattering in these 
measurements.  Nevertheless, these measurements demonstrate that EG might intrinsically approach 
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the behavior of ideal graphene, as opposed to exfoliated graphene, whose behavior is dominated by 
long-range impurity scattering [27-28]. Furthermore, our measurements are performed at optical 
frequencies, where the conductivity behavior may quantitatively be very different from at low 
frequencies (DC) [16]. The reconciliation of the physics in the two frequency regimes bears further 
investigation. 
Using these parameters, the electron mobility can be estimated using evf
2/Ef [16]. This gives 
~1000cm2/Vs for Si-face thin layers, and ~10000cm2/Vs for thicker layers on the C-face, in agreement 
with DC transport measurements in the literature[29]. In other words, as ns/ML decreases, mobility 
increases. This technique may enable non-destructive characterization of the electronic properties of 
EG, although further work on correlating DC transport measurements with FTIR is required. 
The polariton enhanced reflectivity of EG can be used in many nanophotonic device and sensor 
applications. The polariton at SiC/EG interface can be used to overcome the diffraction limit of light, 
leading to on-chip nanophotonic devices [30]. In these applications, light is converted to a polariton at 
SiC/EG interface. This polariton exhibits much shorter wavelength than a traveling electromagnetic 
wave, giving a much smaller footprint on-chip. This optical signal can then be processed as a polariton 
according to the application requirements, at the end of which the polariton is converted back to light 
for retransmission. In other words, the EG may serve as an efficient plasmonic waveguide. The 
overcoming of the diffraction limit also enables the realization of near-field superlenses [17]. This 
characteristic may also be used as bio molecular or gas sensor where adsorption doping occurs [31], 
changing IEFI, resulting in a change of reflectivity .  Other novel nanophotonic devices such as cloaks [32] 
and Bragg gratings [30] may be enabled by this phenomenon. 
 
In summary, we have demonstrated that by using IR-reflection spectra, we can conveniently determine 
N, τ and IEFI for EG grown on SiC substrates, with N-measurements correlated with XPS to within 2ML. 
These characteristics were obtained by fitting to a simple optical conductivity model based on the Dirac 
Hamiltonian. Excellent correlation was observed between theory and experiment. The model worked 
equally well for C and Si-face-grown EG. An analysis of these parameters indicated that short-range 
scattering was dominant in our layers, showing that these layers behave like intrinsic graphene (no 
coulomb-scattering), at least in the IR-regime. The observation of significantly enhanced reflectivity in 
SiC’s restrahlen band demonstrates the formation of a polariton at the SiC/EG interface, as predicted by 
theory from our model. This effect enables sub-wavelength near field optical applications using EG/SiC. 
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Fig1(a): Variation of Reflection of graphene for  
various N where IEFI=95meV and τ=15fs. 
 
 
 
Fig1(b): Variation of Reflection of graphene for 
various IEFI where N=10 and τ=15fs. 
 
Fig1(c): Variation of Reflection of graphene for various τ 
where N= 10 and IEFI=95meV. 
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Fig:2a(I): Reflection spectrum of EG (2 ML) 
 
Fig2a(II): AFM image of EG (2ML) 
 
Fig2b(I): Reflection spectrum of SiC substrate 
 
 
Fig2b(II): AFM image of SiC substrate 
10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig3: Measured reflection spectra (green line) from 2.5µm to 25µm along with theoretical reflection spectra (red 
line) using eqs. (1)-(4) considering complex dielectric constant for SiC.  
 
 
 
 
 
 
Restrahlen Band 
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Fig4(b):  Variation of τ with increasing ns; increasing N has 
also been indicated. This τ1/ns behavior indicates that 
short range scattering is dominant. 
 
Fig4(a):  Variation of IEFIwith increasing N. 
 
